This study evaluated the hypothesis that the sympathetic nervous system was one of the factors in creasing the heterogeneity of cerebrocortical venous O z saturation and this heterogeneity would be greater during hypoxia when cervical sympathetic activity was elevated. Thirty-two male Long-Evans rats were either sham op erated (n = 16) or received bilateral cervical sympathec tomy (n = 16). One-half of the animals (n = 8) in each treatment were challenged by hypoxia (8% O z in N z ). Cerebral blood flow was determined in five brain regions with [14C]iodoantipyrine. Oxygen saturation was mea sured microspectrophotometrically in small cerebrocorti cal arteries and veins. The degree of hypoxic hyperemia was not significantly different between sham-operated and sympathectomized rats. Cortical venous O2 satura tions, indicating the balance between O2 supply and con sumption, were significantly more heterogeneous in the sham-operated group under both normoxic and hypoxic conditions. The coefficient of variation (CV = 100 x SDI mean) for the normoxic sham-operated animals was Heterogeneity of cerebral venous O2 saturation has been demonstrated in our laboratory by means of a microspectrophotometric method (Weiss et aI., 1983; Chi et aI., 1991). Recently, we have further quantified these observations and have demon strated in rats that heterogeneity was significantly curtailed by anesthesia (Sinha et aI., 1992). Other investigators (Kozniewska et aI.,
24.9% and the average venous O2 saturation was 53.8%. During hypoxia, venous O2 saturation was significantly decreased to 43.1% without a change in CV (24.5%). Sympathectomy significantly reduced this heterogeneity through a reduction in the number of low O2 saturation veins (CV = 13.2%) under norm oxic conditions and the effect was similar under hypoxic conditions (CV = 15.3%). In both sham-operated and sympathectomized groups, hypoxia elicited a significantly higher cerebrocor tical O2 consumption. Thus, bilateral cervical sympa thectomy improved the O2 supply in selective cerebro cortical regions with high O2 extraction. However, the effect of sympathetic innervation on the heterogeneity of cerebrocortical venous O2 saturation was not potentiated by hypoxia. This may suggest that peripheral sympathetic fibers innervate a fixed number of cerebrocortical vessels and, regardless of its intensity, this innervation exerts sim ilar effects on the cerebrocortical venous O2 saturation. Key Words: Oxygen saturation-Cerebrocortical veins Cervical sympathectomy-Hypoxia-Cerebral blood flow.
aI., 1989) have also shown heterogeneity of tissue O2 partial pressures within the brain. If local cere bral blood flow perfectly matched local O2 con sumption, there should be no difference in local O2 extraction, i.e., the variation of venous O2 satura tion would be minimal. Based on these observa tions, it seems reasonable to assume that the link age between local blood flow and metabolism is loose and there are many factors that may affect this linkage.
Sympathetic innervation of cerebral blood ves sels is mainly supplied by the superior cervical gan glion (Edvinsson, 1975; Edvinsson and MacKenzie, 1977) . This innervation has been shown to be het erogeneously distributed throughout the cerebro cortex (Edvinsson, 1975; Edvinsson and MacKen-zie, 1977) . Sympathetic innervation exerts little in fluence on normoxic global cerebral blood flow and O2 consumption (Heistad, 1980; Marin and Rivilla, 1982 ; Kissen and Weiss, 1989) . However, studies of cervical sympathetic stimulation have been contro versial; in most studies, stimulation leads to a de crease in cortical blood flow (Lacombe et aI. , 1977; Busija, 1985 Busija, , 1986 . Heterogeneously distributed sympathetic innervation may limit flow and/or de c r ease red cell velocity to certain "microregional" areas in the cerebrocortex without decreasing glob al and regional blood flow. Thus, sympathetic in nervation might be one of the factors responsible for the wide variations of cerebrocortical micro flows and red cell velocities that were observed by other investigators (Sarelius and Duling, 1982; Kozniewska et al., 1987) . Nonuniform reductions in blood flow and red cell velocity within the brain may increase O2 extraction within certain microre gions, thereby broadening the heterogeneity of ve nous O2 saturation.
Hypoxia is known to potentiate the sympathetic effect on cerebral blood flow (Busija and Heistad, 1984) . Our laboratory has demonstrated that ele vated sympathetic activity significantly attenuated cerebrocortical hyperemia during hypoxia under conscious conditions Weiss, 1989, 1991) . The results of hypoxia on cerebral metabo lism have been controversial (Berntman et aI. , 1979; Weiss et aI., 1983) . The global cortical O2 supply and consumption ratio is maintained during moder ate hypoxia, indicating adequate protection (Weiss et aI., 1983) ; however, there is a possibility that some microregional O2 supply and consumption balances are disturbed during hypoxia. Elevated sympathetic activity, redistribution of blood flow, and / or metabolic alteration during hypoxia may ex aggerate the heterogeneity of cerebral venous O2 saturation.
The purpose of this study was to evaluate the hypothesis that one of the factors controlling cere bral venous O2 saturation heterogeneity is resting heterogeneous peripheral sympathetic activity and that this sympathetic effect on heterogeneity would be greater during hypoxia when its activity is ele vated. We tested this hypothesis by cervical sym pathectomy and hypoxic challenge. Cervical sym pathectomy is known to eliminate the majority of sympathetic innervation on cortical vessels without causing significant hemodynamic effects.
METHODS
Thirty-two male Long-Evans rats (300-350 g) were used in this study. One-half of the animals underwent a J Cereb Blood Flow Metab, Vol. 13, No. 2, 1993 bilateral superior cervical ganglionectomy, performed un der ether anesthesia through a ventral medial incision in the neck. To insure that during ganglionectomy the ca rotid bodies were left intact, the animals were exposed to nitrogen for a few seconds and their response was ob served. An increase in breathing indicated that chemore ceptors were not destroyed. The other half of the animals underwent sham surgery that consisted of the medial in cision in the neck and exposure of the bifurcation area followed by suturing of that incision.
Approximately 20 h after initial surgery, animals were anesthetized with ether, and the femoral artery and vein were catheterized with polyethylene catheters. The ani mals were restrained and allowed to recover from ether anesthesia for at least 2 h. The femoral artery catheter was connected to a Statham P23Db pressure transducer connected to a Beckman R-411 recorder (Beckman In struments, Fullerton, CA, U.S.A.) to obtain the heart rate and blood pressure. This catheter was also used to obtain arterial blood samples for analyses ofPoz and Pc02 on a blood gas analyzer. The venous catheter was used for administration of e4C]iodoantipyrine. The animals were assigned to either normoxic or hypoxic conditions. In the hypoxic groups, animals, under conscious and re strained conditions, were allowed to breathe a hypoxic gas mixture (8% Oz in Nz) in an environmental chamber for 15 min. All of the measured variables, including he modynamic and blood gas data and blood flow measure ments, were sampled during the last 3 min of hypoxic challenge.
The rats were infused with 10 J.LCi of the [14C]iodoan tipyrine for the determination of cerebral blood flow. When the isotope entered the venous circulation, the ar terial catheter was cut to a length of 20 mm to minimize smearing in the sampling catheter. Twenty microliter blood samples were obtained from the arterial catheter approximately every 3 s during the next minute. At the moment the last sample was obtained, animals were de capitated and the heads were frozen in liquid N2• The frozen brain was sectioned into five brain regions: cortex, basal ganglia, hypothalamus, pons, and medulla. Blood and tissue samples were then placed in a tissue solubilizer and 24 h later they were put in a counting fluid. These samples were counted on a liquid scintillation counter. The isotope counts were quench corrected.
Regional cerebral blood flow determinations were made by means of the equation
where Ci(n equals the tissue concentration of the [C14]iodoantipyrine at the time of decapitation; 'A. equals the tissue-to-blood partition coefficient; C A is the arterial concentration of the tracer; and t equals time (Sakurada et aI., 1978) . K is defined as follows: K = mFIW, where m is the constant related to diffusion, and FIW equals the blood flow per unit mass of tissue. The 'A. value of 0.8 calculated by Sakurada et aI. (1978) was used. Blood flow was expressed in milliliters per minute per hundred grams.
Immediately adjacent frozen cortical samples were used for the determination of arterial and venous O2 sat uration in the brain. Details of this technique have been published previously (Sinha et aI., 1977; Buchweitz Milton and Weiss, 1987; Zhu and Weiss, 1991) . Briefly, 20 J.Lm sections were obtained on the microtome--cryostat at -35°C under a N2 atmosphere. The sections were trans-ferred to precooled glass slides and covered with de gassed silicone oil and a coverslip. These slides were placed on a micro spectrophotometer fitted with a N2flushed cold stage to obtain readings of optical density at 568, 560, and 523 nm. This three-wavelength method cor rects for the light scattering in the frozen blood. Only vessels in the transverse section were studied so that the path of light only traversed the blood. Readings were ob tained to determine O2 saturation in 14 arteries and 30 veins, -50 f1m in diameter, found in the cerebrocortex. The O2 content of blood was determined by multiplying the percent O2 saturation by the hemoglobin concentra tion times 1.36. The difference between the average arte rial and venous O2 contents (regional O2 extraction) was then obtained. By means of the Fick principle, the paired product of local O2 extraction and blood flow was used to determine O2 consumption on a regional basis. The ratio of O2 supply to consumption was determined by dividing the O2 supply by consumption, Sa02/(Sa02 -Sv02)' where Sa02 and Sv02 are the arterial and venous O2 sat uration, respectively.
A factorial analysis of variance was employed to assess differences between the various examined regions for ce rebral blood flow, O2 extraction, and O2 consumption. The statistical significance of differences was determined by Duncan's procedure. The X 2 test and coefficient of variation (CV) were used to compare changes in hetero geneity. The CV was calculated as (standard deviation/ mean) x 100. A value of p < 0.05 was accepted as sig nificant. All values are expressed as mean ± SD.
RESULTS
Hemodynamic and blood gas data for sham operated and sympathectomized rats under nor moxic and hypoxic conditions are presented in Ta ble 1. There were no differences in hemodynamic and blood gas variables between normoxic sham operated and sympathectomized groups. Hypoxia decreased the arterial partial pressure of O2 to -40 mm Hg (p < 0.05), and elicited a significant hypo capnia in both sham-operated and sympathecto mized groups ( Table 1 ). The heart rate and mean arterial pressure did not change during hypoxia in the sham-operated group, but hypoxia significantly, although mildly, decreased the mean arterial pres sure in the sympathectomized group.
Figure 1 shows the regional cerebral blood flow for sham-operated and sympathectomized rats un der normoxic and hypoxic conditions. We exam ined blood flow in five brain regions and found no statistically significant regional differences within and between normoxic sham-operated and sym pathectomized groups. The average cerebral blood flow was 82 ± 25 ml min -1 100 g -1 in the normoxic sham-operated group and 84 ± 32 ml min - The cerebrocortical arterial O2 saturation, mea sured microspectrophotometrically, was -22% lower in the hypoxic groups compared to normoxic groups ( Table 2) . We studied 80 small cortical ar teries in each group and found that their CV s were -5% and there were no differences among the groups. Two hundred forty small cortical veins were examined in each group. We found that corti cal venous O2 saturations were significantly more heterogeneous in the sham-operated group under both normoxic and hypoxic conditions ( Table 2) . Values are mean ± SD (n = 8).
MAP, mean arterial pressure; HR, heart rate; Pao2, arterial partial pressure of 02; Paco2, arterial partial pressure of CO2, a Significantly different from corresponding data under normoxic conditions. slightly but significantly to 62. 1 ± 1.7 and 46. 7 ± 2.5%, respectively.
Basal oxygen consumption of the cerebral cortex
was not significantly different between the sham operated group and the sympathectomized group.
In both sham-operated and sympathectomized groups, hypoxia significantly increased cerebrocor tical O2 consumption by 35 and 46%, respectively.
Hypoxia did not alter the O2 supply-to-consumption ratio in either sham-operated or sympathectomized groups; however, sympathectomy caused a signifi cantly higher O2 supply to consumption ratio under both normoxic and hypoxic conditions ( Table 2) .
DISCUSSION
This study determined the effects of peripheral sympathetic activity on the heterogeneity of cere brocortical venous O2 saturation during normoxic and hypoxic conditions. It was hypothesized that the sympathetic nervous system was one of the fac-FIG. 1. Regional cerebral blood flow (ml min-I 100 g-l) for sham-operated and sympathectomized rats under normoxic and hypoxic conditions. Values are mean :t SO (n = 8 in each * group). In the hypoxic sympathectomy group, cortical flow was significantly higher than those in the pons and medulla; there were no regional flow differences in the other groups. " Significantly different from corresponding data under normoxic conditions. 9, normoxic sham operation; m, hypoxic sham operation; r], normoxic sympathectomy; and II, hypoxic sympathectomy.
Medulla tors increasing the heterogeneity of cerebrocortical venous O2 saturation and that this heterogeneity would be greater during hypoxia when cervical sympathetic activity was elevated. The results showed that bilateral sympathectomy significantly decreased this heterogeneity under normoxic con ditions and its effects remained unchanged during hypoxia.
Both cerebral blood flow and metabolism vary throughout the brain (Sakurada et ai., 1978; Baum bach and Heistad, 1985; Nakada and Kwee, 1987) .
Under most circumstances, e.g., normoxic and hypoxic conditions, the level of oxygen supply is well coupled to the level of cerebral oxygen and glucose consumption (Beck and Krieglstein, 1987; Friedland and Iadecola, 1991) . If the relationship between cerebral blood flow and metabolism was also precisely regulated, O2 extraction would be uniform and unchanging even though both flow and metabolism exhibited regional heterogeneity. Ac cordingly, the heterogeneity of venous O2 satura tion indicates that cerebral O2 balance is heteroge neous in small brain regions. Previous results (Weiss et ai., 1983; Chi et ai., 1991; Sinha et ai., 1992) and this study have showed that the CV in S.02' cortical arterial oxygen saturation; Sy02' cortical venous oxygen saturation; CV, coefficient of variation for individual small vessels (SO arteries and 240 veins for each group); ratio, oxygen supply to consumption ratio.
a Significantly different from corresponding data under normoxic conditions. b Significantly different from corresponding data in the sham-operated groups.
cerebrocortical venous O2 saturation was around 20 to 25% under normoxic and conscious conditions. Therefore, the linkage between O2 supply and con sumption may be loose, at least, in the small region drained by a single vein.
There are several potential reasons for this wide spatial heterogeneity of venous O2 saturation in the brain. Some of these reasons include inhomoge neous innervation of blood vessels (discussed be low), temporal heterogeneity, anatomic distribution of vessels, differential arteriolar and precapillary control, rheological factors, and methodological limitations. It is likely that local blood flow, O2 con sumption, and O2 extraction change with time. It is also possible that vessels drain mUltiple regions of differing metabolism or their control is remote from their drainage field. Red blood cell distribution is not uniform, as is evidenced by the variation in re gional tissue and local microvascular hematocrit (Cremer et aI., 1983; Tajima et aI., 1992) , and this may affect O2 delivery. Method limitations can ac count for a CV of 3-4% (Sinha et aI., 1977; Buch weitz-Milton and Weiss, 1987) . Some factors may affect others or be superimposed upon each other.
For example, sympathetic innervation may be par tially responsible for the great heterogeneity of red cell velocities found in small vessels.
Vessels, including penetrating arterioles, in the cortex are innervated by sympathetic fibers that come primarily from the ipsilateral superior cervical ganglion (Edvinsson, 1975; Edvinsson and Macken zie, 1977; McCalden, 1981) . The peripheral sympa thetic nervous system is known to exert little influ ence on cerebral blood flow and O2 consumption under resting conditions (Heistad, 1980; Marin and Rivilla, 1982; Kissen and Weiss, 1989) . This inner vation provides a protective mechanism for the brain to insure an adequate O2 supply to caudal regions under hypoxic conditions by limiting flow to cortical areas (Kissen and Weiss, 1989; Neubauer and Edelman, 1984) . We have observed a great het erogeneity existing in cerebral venous O2 satura tion. Some of the heterogeneity may be due to rest ing sympathetic innervation that limits flow or attenuates red cell velocity to certain cortical mi croregions without an accompanying change in global and regional blood flow. Therefore, these mi croregional areas extract more oxygen, and the het erogeneity of venous O2 saturation is broadened.
This was evidenced in this study by the fact that cervical sympathectomy significantly reduced the heterogeneity of cortical venous O2 saturation by decreasing the number of low O2 saturation veins.
Hypoxia is known to elevate sympathetic activ ity. Though the balance between global O2 supply and consumption is well maintained during moder ate hypoxia (Weiss et aI., 1983; Beck and Kriegl stein, 1987) , the possibility exists that local balance is disturbed. In this study, the moderate hypoxic stress was accompanied by hypocapnia under con scious conditions. When hypoxic and hypocapnic stress are present simultaneously, the hypocapnia induced vasoconstriction could limit the ability of the brain to maintain its O2 supply in certain small brain regions. Therefore, we hypothesized that hyp oxia would further potentiate the heterogeneity of venous O2 saturation due to elevated sympathetic activity and/or disturbed O2 balance. In this study, we found that hypoxia shifted the distribution of cerebrocortical venous O2 saturations to the left without changing its CV (Fig. 2) . However, hypoxia is known to exaggerate cervical sympathetic activity and increase plasma catechol amines concentration (Bemtman et aI., 1979; Nesa rajah et aI., 1983; Busija and Heistad, 1984) , and our data also demonstrate a 35 to 46% increase in cere bral oxygen consumption during hypoxia.
Regardless of any concomitant alterations in CO2
tension, the increase in global and regional cerebral blood flow during hypoxia is well documented.
Brain regions are thought to differ in their sensitiv ity to reduced oxygen. Cortical vs. brainstem flow differences in response to hypoxia under conscious conditions have been demonstrated (Neubauer and Edelman, 1984; Kissen and Weiss, 1989) . However, similar metabolic and circulatory responses be tween rostral and caudal regions have also been re ported with hypoxia (Macmillan et aI., 1974) . In this study, hypoxic hyperemia was equipotent between cerebral cortex and brainstem; however, after cer- vical sympathectomy, cortical flow in response to hypoxia was significantly higher than that in the pons and medulla. This suggests that the sympa thetic nervous system plays a role in the regulation and distribution of cerebral blood flow responses to hypoxia. Hypoxia has been reported to increase (Berntman et aI., 1979) , decrease (Duffy et aI., 1972) , or not alter cerebral metabolism (Johannsson and Siesj6, 1975; Weiss et aI., 1983) . The discrep ancy of these results could be explained by the use of different anesthesia and by the duration and se verity of hypoxia. Under conscious conditions, the brain's response to acute hypoxia may be affected by the degree of stress. In this study, hypoxia elic ited a significantly higher cerebrocortical O2 con sumption in conscious, restrained animals. This ef fect may result from elevated circulating catechol amines (Berntman et aI., 1979) , central stimulation, or increased central blood temperature during hyp oxia. A bilateral sympathectomy was used in the study to exclude the possibilities of the overlapped innervation from the contralateral nerve fibers (Busija, 1985 (Busija, , 1986 �20 h after ganglionectomy to insure that neuro transmitter release was minimal and there was no receptor supersensitivity (Trendelenburg, 1966) .
The experiment was performed under conscious conditions in order to eliminate the effect of anes thesia on the heterogeneity of venous O2 saturation (Sinha et aI., 1992) .
In summary, this study showed that approxi mately one-half of the heterogeneity in cerebrocor tical venous O2 saturation, a measure of cerebral O2 balance, was controlled by sympathetic innerva tion. Thus, by limiting flow and/or reducing red cell velocity to some microregional areas of the brain, sympathetic innervation affects the balance be tween flow and metabolism in the cortex under rest ing conditions. These results also indicate that ce rebral O2 consumption is not the only important determinant of flow, at least at the microregional level drained by a single vein. Furthermore, this study provides evidence that the sympathetic ner vous system plays a role in the cerebral circulatory response to hypoxia. However, regardless of the existence of elevated peripheral sympathetic inner vation, hypoxia did not alter the heterogeneity of venous O2 saturation. The innervation of the pe-ripheral sympathetic nervous system on cerebral microvessels might be fixed under various condi tions. It is possible that the sympathetic nervous innervation of cerebral microvessels affects O2 ex traction to a similar extent regardless of intensity.
